INTRODUCTION
Multiple species of Asiatic and African cobras have evolved the ability to 'spit' venom (Bogert, 1943) . The venom, which is expelled via the same mechanism used to inject prey (Young et al., 2004) , is preferentially directed at the face and/or eyes of a potential predator (Westhoff et al., 2005) . If a small quantity of the venom lands on the corneal surface it will produce intense pain and possibly blindness, but contact with the skin, oral cavity or mucus membranes of the nasal passageway produces neither a local nor systemic reaction (Warell and Omerod, 1976) . Thus, to be an effective deterrent the venom must be directed with enough accuracy to reach at least one eye of the target. Four factors make this level of precision particularly challenging: (1) the vertebrate predator targets are typically moving, not stationary; (2) the cobras frequently spit at targets that are over 1.5m away (Rasmussen et al., 1995) ; (3) the spitting generally lasts less than 50ms (Westhoff et al., 2005; Young et al., 2004; Young et al., 2009) , so the cobras can not watch the stream in the air and correct accordingly; and (4) the exit orifice for the venom, the fang, is relatively fixed and not under fine muscular control (Bogert, 1943; Wüster and Thorpe, 1992) .
A key component to the spitting behavior is rapid oscillation of the head about the neck in both the vertical and lateral planes (e.g. Westhoff et al., 2005; Young et al., 2004) . These oscillations of the head, which ultimately become oscillations of the exit orifice of the fang, produce spatial dispersal patterns in the spat venom; these dispersal patterns have been interpreted as a means of optimizing the chance of successfully contacting the corneal surface with the spat venom (Westhoff et al., 2005; Young et al., 2009) . Cobras modulate the range of these cephalic oscillations depending on the distance of the target; effectively ensuring that the venom dispersal pattern roughly corresponds to the size of the target's face (Berthé et al., 2009) . Adding another layer of complexity to this behavior is the fact that the target itself is in motion -it is very difficult to induce cobras to spit at any stationary object -which would greatly reduce the spitting accuracy, unless the snake could effectively measure and accommodate for this motion.
Venom spitting in cobras is a projectile mechanism; once the bolus of venom is expelled from the fang tip the snake has no ability to direct or modulate the trajectory of the venom for increased accuracy. Similar projectile mechanisms have been investigated in other animals such as Archer fish (e.g. Timmermans, 2001; Schuster et al., 2006) and spitting spiders (Nentwig, 1985) . These other animals using projectile mechanics increase their accuracy through visual tracking of their target; this allows the animal to effectively predict where the target will be in the near future and direct the projected matter to that spot (rather than where the moving target was at the time the bolus was discharged). The purpose of this study was to document if spitting cobras could track the movements of their targets and, if so, to determine how the tracking cues influenced the spitting behavior. mounted on the face shield worn by the target. Accelerometer signals were run through an A/D board (Power 1401, Cambridge Electronic Design, Cambridge, UK) then recorded (at 20kHz) as three separate channels on a PC computer running Spike2 (Cambridge Electronic Design). Our previous experience with spitting cobras demonstrated to us that the snakes could be easily induced to spit at targets, or even inanimate objects (especially mirrors), if they exhibited discontinuous and rapid or 'jerky' movements. To maximize consistency, the last author served as a target for all trials. Since the object being moved (the last author's head) was a constant; we recorded acceleration data synchronized to 500framess -1 video sequences (see below) of movement against a known scale and used this data as a calibration to enable conversion of the kinematic data from acceleration to linear displacement.
The data acquisition system was programmed to send a 100ms voltage pulse to a 5mW LED red light laser (TIM 203, BLV Electronic, Aylesbury, Bucks, UK) once every second. The laser was positioned so that the beam flashed into a filming chamber 90cm wide ϫ 60cm tall ϫ 90cm deep. The front end of this chamber was open, one side was formed by a solid glass plate and the top was formed by a mirror oriented at 45deg. to the floor of the cage. The floor and back wall of the cage were covered with a 5cm filming grid. Unrestrained adult specimens of N. pallida (N4), N. nigricollis (N5) and N. siamensis (N2) were placed into the filming cage and induced to spit.
The movements of the cobras were recorded (at 500framess -1 ) using a high-speed digital video camera (Fastec Imaging, San Diego, CA, USA), and the distances between the cobra's fang and the target were recorded (at 30framess -1 ) using a standard video camera (TRV608, Sony, Tokyo, Japan). The pulses from the LED laser were used to synchronize the video and accelerometer data sets to a temporal resolution of 2ms. The rotations of the cobra's head relative to the long axis of the neck were quantified in every frame, in both the vertical (lateral view) and horizontal (dorsal view) planes, using the angle measure tool in ImageJ (NIH, Bethesda, MD, USA).
To compare the displacements of the cobras' and targets' heads, the target's displacement sequence was offset to equal the reaction time of the cobra (see below). Once this was done, the pre-spit (defined as 60ms prior to the first appearance of venom at the fang tip) and spit (defined as 60ms beginning at the first appearance of venom at the fang tip) displacement sequences were compared in two ways. Initially the sequences were compared using a Pearson correlation test. Subsequently a constant multiplier was used to equate the means of the two displacement sequences (cobra and target), then polynomial algorithms were used to statistically (using a criterion of P0.05) fit a single curve to both target and cobra displacement lines.
RESULTS

Behavioral trigger for spitting
Herein the onset of spitting is defined as the first appearance of venom at the fang of the cobra (this was easily visible on the highspeed video record). The two data sets (accelerometer and videographic) were aligned (using the laser pulse), then the accelerometer data from all three planes (side-to-side, up and down, and front and back) were examined for a 500ms interval prior to the onset of spitting (Fig.1) . The timing and magnitude of the target's 'head wiggles' in each plane were quantified for each trial; quantification was performed several times (both by eye and by computer analysis, and by multiple authors) using several criteria for recognition of a head wiggle; in every case the temporal distribution of the head wiggles relative to the onset of spitting was non-random. Our final approach was to adjust the mean of the data trace to zero, rectify the trace, then define a head wiggle as a rapid acceleration and reversal of the head with a magnitude of acceleration greater than one standard deviation beyond the adjacent (baseline) movements of the target in that plane. These wiggles, which were found in all three planes of movement, can be fairly subtle in terms of duration and linear range (Fig.1 ), the key component is the reversal of direction.
The distribution of the target's head wiggles relative to the onset of spitting were non-random ( A 25% percentile about the median of the temporal distribution of the head wiggles ranged from 175ms to 231ms (Fig.2) ; the target made at least one head wiggle within this interval in every trial.
Rotational acceleration of cobra's head during spitting
Shortly (mean65.2ms; s.e.m.4.6, N43) prior to the onset of spitting the cobra began to rotate its head about the long axis of its neck (both horizontally and vertically). These rotations continued for the duration of venom expulsion (mean40.3ms, s.e.m.1.4, N47) and sometimes continued for a short time afterwards. Despite this relatively short duration, these movements were fast enough to propel the head through complex trajectories during this time (Fig.3) . Each spitting episode resulted in a spatial pattern of head movements, which showed no clear trend across multiple trials using the same cobra, intraspecifically or interspecifically.
Plotting the displacement of the head in relation to the temporal pattern of venom expulsion demonstrates that the onset of spitting was typically concurrent, or nearly (±4ms) so, with a change in the trajectory (35 out of 38 trials or 92%) of the cobra's head (Fig.4) . Fig.5 ]. In addition to the initial trajectory change at the onset of spitting, the cobras always changed the direction of their head movements at least once (mean number of direction changes2.6, s.e.m.1.2) while the venom was being expelled (Figs3, 4) .
Target tracking
If the kinematic data from the target are offset to account for the 175-231ms temporal delay between the target's head wiggle and the onset of spitting, the spatial congruence of the movements becomes evident (Fig.6) . A Pearson correlation test determined that both the vertical (R0.407, P<0.0001) and horizontal (R-0.102, P0.002) pre-spit movements of the cobra were significantly correlated to the movements of the target. There was a high fidelity between the movements of the cobra and target. In 35 out of the 38 trials (or 92%) the cobra was moving in the same direction as the target (both vertically and horizontally). Furthermore, using polynomial algorithms and mathematically equating the means of the two tracks, a single curve was statistically (using a criterion of P0.05) fit to both target and cobra pre-spit displacement lines (Fig.7 ) in 13 out of the 38 trials (34%). The cephalic movements made by the cobra during spitting diverge from the target's movements more than was found leading up to the spit. The correlation coefficients between the target and cobra movements were lower during spitting (vertical R0.148, P<0.0001; horizontal R-0.078, P0.016) . Applying the same curve-fitting techniques revealed that in only 8 out of 38 (21%) of the trials could the displacement lines for the target and cobra be statistically explained by the same curve. Of the remaining 30 trials, 23 (or 77%) featured directional congruence between the cobra and the target.
DISCUSSION
The non-random distribution of the 'head wiggles' relative to the onset of spitting (Fig.2) , and the finding that a head wiggle was observed during every trial, is taken as evidence that this movement pattern on the part of the target serves as a behavioral trigger for venom spitting [see Jablonski (Jablonski, 1999) and Kibele (Kibele, 2006) for treatments of behavioral triggers]. From the perspective of efficient target tracking, it makes sense that the head wiggle would serve as a behavioral trigger. As defined herein, the head wiggle is characterized by a reversal of momentum (the head accelerates one way, stops, then accelerates in the other direction).
At the onset of the new momentum it could be argued that the most likely course of future movements (at least over the short duration required for venom spitting) is in the same direction. Thus, the head wiggle both provides a clear 'clue' to future directions and represents a time of slower (at least initial) displacement of the head. The target head wiggles occurred at a mean of 208ms prior to the onset of spitting. This temporal duration is interpreted as the visual reaction time of the cobra [the time between the sensing of the visual cue (the head wiggle) and the motor response (venom expulsion)]. This visual reaction time is similar to what has been reported from humans (e.g. Burkhardt et al., 1987) but represents the first reported reaction time for a reptile.
At the present time we do not know what sensory cue(s?) initiates the target tracking. Whatever it is, the pre-spit tracking is marked by a fairly high (well above chance) congruence between the angular movements of the cobra's head and the linear movements of the target (Figs6, 7) . Tracking in this fashion gives cobras a distinct geometric advantage; even relatively large linear movements on the part of the target can be accommodated by rather modest angular movements of the cobra's head. During these experiments the mean distance between the cobra's fang and the target was 53cm; at this distance a 10cm lateral movement of the target's head could be accommodated by a 10deg. rotation of the snake's head. The required angular displacement of the cobra's head will decrease with increasing target distance; Berthé et al. argued that spitting cobras modulate the extent of these cranial oscillations to accommodate target distance (Berthé et al., 2009) .
When the cobra recognizes the behavioral trigger for spitting (the head wiggle of the target), the skeletal muscles associated with venom expulsion (Young et al., 2004) are activated, which will be followed shortly by the onset of spitting. The delay represents the time needed for the skeletal muscle to generate adequate force and for the venom to flow from the venom gland to the exit orifice of the fang. At the onset of spitting, the cobra is at a 200ms disadvantage; unless the cobra compensates for its visual reaction time, it will be spitting at a space where the target was 200ms earlier.
The compensation employed by spitting cobras is angular acceleration. The onset of spitting is marked by a distinct increase in the angular velocity of the head (Fig.5 ). This burst of angular acceleration is coupled with a change in trajectory, corresponding to the change in trajectory of the head wiggle. This marks a distinct behavioral shift on the part of the cobra. Prior to the acceleration the cobra is tracking the movements of the target; the angular acceleration effectively eliminates the 200 ms visual reaction time delay (enabling the cobra to 'catch up' to the target) and forces the cobra to anticipate or predict the subsequent movements of the target. Not surprisingly, the match between the movements of the cobra and the target is greater when tracking than it is when anticipating (statistical curve fit in 34% and 21% of the trials, respectively). Interestingly, the cobras are able to match the direction of the target in 92% of the tracking and 82% of the anticipating segments; yet they could only statistically match both velocity and direction in 34% and 21% (tracking and anticipating, respectively) of the trials. It is not clear if this disparity reflects the different evaluative criteria applied to the two analyses or simply indicates that in cobras (as in other vertebrates) direction is easier to extract from visual cues than is velocity (e.g. Debruyn and Orban, 1988; Eckmeier and Bischof, 2008) . This behavioral sequence (target tracking, behavioral trigger, target anticipation) could possibly be accurate enough even if the cobras released the spat venom as a focused 'point' of venom. Instead, as we have detailed elsewhere (Young et al., 2009) , the cobras always make oscillations of the head while the venom is being released (Figs1, 3 and 4) . These cephalic oscillations produce a spatial dispersal pattern in the spat venom. These oscillations are made while the spitting cobra is predicting or anticipating the movements of the target; the dispersal pattern is significantly correlated to the cephalic movements of the cobra (Young et al., 2009 ), which in turn are significantly related to the movements of the target. Thus, the movements of the target influence the ultimate dispersal pattern of the spat venom. The spat venom typically covers an area slightly greater than the interoccular distance (Berthé et al., 2009; Westhoff et al., 2005) ; this relative spread, when coupled with the relatively good fit between the movements of the cobra and the target during anticipation, greatly increases the likelihood that some of the expelled venom will contact the cornea. Cundall has described rapid cephalic movements during fang repositioning in vipers (Cundall, 2009 ); these movements are slightly slower than those reported herein and differ due to the relative kinetic independence of the viperid, compared to the elapid, fang and maxilla.
This study incorporated three species of spitting cobra: N. nigricollis, N. pallida and N. siamensis. This investigation was not designed as a study of interspecific behavior, nor does our data set support such an analysis; nevertheless, all three species exhibited the same three stages to venom spitting (target tracking, behavioral trigger, target anticipation), and there were no marked differences in the relative accuracy of target tracking or target anticipation among the three species. Naja siamensis is part of the Asiatic radiation of spitting cobras (e.g. Wüster and Thorpe, 1991) whereas N. nigricollis and N. pallida belong to the African radiation (e.g. Broadley, 1974) . The recent analysis of Wüster et al. (Wüster et al., 2007) has confirmed the monophyly of the cobra radiation, and left open the possibility that venom spitting has evolved only once (despite the current geographic and taxonomic distribution of spitting cobras). The similar morphological features of these snakes, and the apparent shared behavioral components of venom spitting, strongly suggest that this highly specialized form of venom expulsion is a synapomorphy.
While neither sensory isolation nor neurophysiological experiments have been performed, spitting in cobras appears to be based solely on visual cues. Several lines of evidence support this, including: (1) spitting is very difficult to induce in low light (B.A.Y., personal observation); (2) cobras lack specialized infra-red receptors, and there is no clear link between tongue-flicking and spitting (suggesting that thermal and chemosensory cues are not playing key roles); (3) typically cobras will only spit at a moving object, and many visual responses are keyed to stimulus movement (e.g. Fleishman, 1992; Nicoletto, 1985; Vincent et al., 2005) ; and (4) other behavioral responses in these species have been shown to be visually mediated (e.g. Chiszar et al., 1987; Kardong et al., 1997) . If vision is the dominant sensory modality used during venom spitting, it would suggest that both visual acuity and the integration of visual information with neuromuscular control is far greater in cobras than previously recognized.
Animals that project material at a moving target -whether that material be water (e.g. Rossel et al., 2002; Timmermans, 2001) , silk (Nentwig, 1985) , a tongue (e.g. Herrell et al., 2000) or venom -are able to achieve considerable accuracy. Westhoff et al. reported that spitting cobras had an accuracy of approximately 90% for a single spit (Westhoff et al., 2005) ; because these animals can spit multiple times in quick succession (Cascardi et al., 1999; Rasmussen et al., 1995) , the accuracy could be even greater on a per-encounter basis. Functional studies of snakes have historically centered on the snake strike; yet venom spitting has a shorter duration, covers a greater distance and has a higher level of accuracy [see Kardong and Bels (Kardong and Bels, 1998) and Young et al. (Young et al., 2001) for analyses of the snake strike]. Accordingly, the case could be made that venom spitting represents one of best examples of sensory/motor integration in snakes.
